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Multi-responsive soft actuators that can convert environmental energies to mechanical works are promising for
robotics. However, it currently lacks universal and effective concepts to develop dual-responsive bimorph ac-
tuators. In this paper, the concept of “Yin’-“Yang” complementarity, a classical theory in the history of Chinese
philosophy, has been adopted for designing dual-responsive actuators. The complement of “Yin” and “Yang”
means the bilayers can be inter-constraint as well as being complementary in a dual-responsive actuation. As a
proof-of-concept, a composite layer of nano-size graphite (Nano-G) and polyvinylidene fluoride (PVDF) has been
combined with graphene oxide (GO), forming a bilayer structure. In response to moisture, GO is positive,
meaning “Yang”, whereas Nano-G@PVDF is negative, meaning “Yin”. On the contrary, under light irradiation,
GO is negative; whereas the photothermal Nano-G@PVDF layer is positive. We demonstrated a bi-directional
walking robot and a smart claw array for controllable moisture/light manipulation. The “Yin’-“Yang” comple-

mentarity strategy provides a universal concept for developing multi-responsive bimorph actuators.

1. Introduction

Soft actuators that can deform in a predictable manner under
external stimuli have revealed great potential for cutting-edge applica-
tions, including soft robots, micro-electromechanical systems (MEMSs)
and human-machine interface systems [1-5]. Importantly, actuators
could be considered as one of the most prominent examples that pro-
vided state-of-the-art conversion of various environmental energies (e.
g, heat, light, gravity and chemicals) to mechanical works [6,7]. A
universal concept for developing stimuli responsive actuators is assem-
bling different materials of distinct physical/chemical properties into
bilayer or multi-layer structures. Under certain stimuli, the as-generated
strain mismatch at the bilayer interface would lead to an obvious and
predictable deformation. In this way, bilayer actuators can directly
harvest energies from environment and permit flexible manipulation
without coupling any external energy-supply systems [8-10]. According
to this general principle, bilayer actuators that are responsive to
different stimuli, including light [11,12], temperature [13,14], pH value
[15,16], solvents [17,18], and moisture [19-21], have been successfully
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developed based on a wide range of functional materials [22,23], such
as polymers [9,24-27], metals [28,29], carbons [12,19-21,30], metal
oxides [11,14,31], and even biomaterials [11,14,31].

Among these aforementioned functional materials, typical 2D ma-
terials, graphene and its derivatives, have been considered as appealing
candidates for developing soft actuators due to their extraordinary
physical/chemical properties and sensitive response to different envi-
ronmental stimuli [17,30,32-34]. For example, taking advantage of the
strong interaction between graphene oxide (GO) and water molecules,
our group and others have reported the moisture responsive actuators
based on GO/reduced GO (RGO) [19-21], multiwall carbon nanotube
(MWCNT)/GO [35], and GO-PDA/RGO [36] bilayer structures. Inter-
estingly, all of these actuators consist of two functional layers, a positive
material layer that can swell or shrink under external stimuli and a
negative layer that is inert to environment changes. Taking the GO/RGO
bilayer as an example, the GO layer that has plenty of oxygen containing
groups (OCGs) is very sensitive to humidity, it swells in moisture due to
the adsorption of water molecules, whereas the RGO layer shows poor
water adsorption capability due to the relatively weak interaction with
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Fig. 1. Design principle of “Yin”-“Yang” complementarity strategy. (a) Schematic illustration of the fabrication process of Nano-G@PVDF/GO bilayer film. (b) The
schematic diagram of light and humidity actuation of the Nano-G@PVDF/GO bilayer.

water molecules [37-40]. In this case, the RGO layer is actually not the
only choice. Other materials that is not sensitive to moisture is also
workable for this kind of moisture actuators. Rational design of bilayer
actuators requires maximizing the functionalities of both the positive
and negative layers, synchronously. Especially, in the development of
dual-responsive or multi-responsive actuators, it is necessary to make
full use of the two layers to simplify the actuator structures, instead of
simply integrating two or more bilayer devices. However, currently, it
still lacks universal concepts to reach this end.

“Yin”-“Yang”, the two opposing principles in nature, is a classical
theory in the history of Chinese philosophy [41-45]. “Yin” means
feminine and negative, and “Yang” indicates masculine and positive.
The concept of the complement of “Yin” and “Yang” means that all the
things in the world are interdependent and inter-constraint as well as
being complementary and relative in “Yin”-“Yang”. Actually, this phil-
osophical concept is also applicable worldwide in modern science. In
different disciplines, “Yin” and “Yang” may have different scientific
meanings, for instance, the binary cooperative complementarity in
material science [46], the protons and electrons in physics [47], the Yin
deficiency and Yang deficiency in traditional Chinese medicine [48,49],
the distinct wettability in surface/interface science [50], as well as
neuro-protection and -degeneration in neurochemistry [51]. In this
work, we reported the design and fabrication of dual-responsive actua-
tors that enable bi-directional bending according to the basic idea of
classical “Yin”-“Yang” complementarity. Here, the complement of “Yin”
and “Yang” refers to the distinct response of the two layers under two
different stimuli, in which the two layers are interdependent,
inter-constraint and complementary for dual-responsive actuation. As a
proof-of-concept, composite layer of nano-size graphite (Nano-G) and
polyvinylidene fluoride (PVDF) has been combined with GO, forming a
bilayer structure. In response to moisture, GO is a positive layer,

meaning “Yang”, whereas Nano-G@PVDF is a negative layer, meaning
“Yin”. On the contrary, under light irradiation, GO that has very small
coefficient of thermal expansion (CTE) is negative; whereas
Nano-G@PVDF layer is positive, since it is photothermally active and
has a relatively large CTE. The two layers are “Yin”-“Yang” comple-
mental for moisture and photothermal actuation. In this way, we
demonstrated bi-directional walking robot and a smart claw array for
controllable moisture and light manipulation. The “Yin”-“Yang”
complementarity strategy is a universal concept for designing and
fabricating multi-responsive bilayers, holding great promise for devel-
oping smart actuating devices.

2. Experiments
2.1. Preparation of Nano-G@PVDF/GO bilayer film

GO was prepared by Hummers’ method using natural graphite as raw
material. For the preparation of Nano-G, 17 mg of Nano-G and 0.6 ml of
N-Methyl pyrrolidone (NMP) solution were mixed and exfoliated by
ultrasonic treatment for 24 h. Then, 300 mg of PVDF and 2.4 ml of N, N-
Dimethylformamide (DMF) were mixed together under ultrasonic
treatment for 2 min. After that, the Nano-G and PVDF solution were
mixed together (the weight ratio of Nano-G and PVDF is ~1:18). The
mixture was dropped on a glass substrate. After the evaporation of the
solvents, a Nano-G@PVDF composite film formed. GO solutions was
dropped on the Nano-G@PVDF and dried in a vacuum oven at room
temperature.

2.2. Preparation of bi-directional walking robot and smart claw array

The bi-directional walking robot consists of eight Nano-G@PVDF/
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Fig. 2. Morphology and photothermal property. (a) SEM image of the section of a GO and Nano-G@PVDF bilayer film. (b) Photographs of the front and back surface
of the bilayer film. (c) Dependence of the local temperature of Nano-G@PVDF and pure GO film on light power density from 0 to 206 mW/cm?. (d) Photographs and
thermography image of GO and Nano-G@PVDF film with and without light irradiation (@206 mW/cm?).

GO bilayer strips (length, 12 mm; width, 1 mm) working as legs and a
square-shaped paper (3.5 mm x 3.5 mm) acting as the main body. The
bilayer strips were stuck on the square-shaped paper. Among the four
pairs of legs, two pairs opposite to each other use GO as the front side
and the other two pairs use Nano-G@PVDF as the front side. The smart
claw array was prepared by sticking Nano-G@PVDF/GO bilayer strips
(length, ~12 mm; width, 1 mm) on the wall of three plastic tubes. The
Nano-G@PVDF/GO bilayer strips were opposite to each other by using
GO as outer side and Nano-G@PVDF as inner side.

2.3. Characterization

SEM images were obtained using a JEOL JSM7500 field-emission
scanning electron microscope (FE-SEM). FLIR infrared thermal camera
(FLIR One) was used to take thermal images. XPS was performed using
an ESCALAB 250 spectrometer. XRD pattern was collected on a Rigaku
D/MAX 2550 diffractometer with Cu Ko radiation (A = 1.5418 10\). Hu-
midity environments were obtained via saturated aqueous solutions of
CH3COOK, MgCl,, K2CO3, NaBr, NaCl, KCI, and K»SO4 in a closed glass
vessel, which yielded ~23%, 33%, 44%, 57%, 75%, 86%, and 97%
relative humidity (RH), respectively.

3. Results and discussion
3.1. “Yin”-“Yang” complementarity strategy for actuator design

To demonstrate the basic concept of “Yin”-“Yang” complementarity
for developing dual-response actuators, we prepared a bilayer film that
consists of a layer of Nano-G@PVDF composite and a layer of GO. The
preparation procedure is quite simple. As shown in Fig. la, Nano-G
prepared by solvent exfoliation of nano-size graphite was mixed with
PVDF (DMF solution), which is used as a hybrid material for preparing

the bottom layer (Nano-G@PVDF). With the help of solvent exfoliation,
the Nano-G can be exfoliated into thin layers (Figs. S1 and S2), which
can facilitate their dispersion in PVDF. Then, an aqueous solution of GO
was casted on the top of the Nano-G@PVDF layer and dried to form the
bilayer film. The thickness of GO and Nano-G@PVDF is 11 and 25 pm,
respectively (Fig. 2a). It is worthy pointing out that the thicknesses of
the two layers are optimized parameters. Actually, both the thicknesses
of GO and Nano-G@PVDF layers can affect the deformation properties.
For moisture actuation, GO layer is the active layer that drives the
deformation, and the Nano-G@PVDF is inert. To reduce the resistance,
the Nano-G@PVDF layer should be thinner. On the contrary, under light
actuation, the photothermal Nano-G@PVDF layer is the driving layer. It
should be thick enough to gain relative larger bending force. To achieve
dual-responsive deformation, the two layers should have suitable
thicknesses. Nevertheless, the thicknesses are not unalterable. For
different applications, their thickness can be further optimized. Here,
the “Yin”-“Yang” complementarity concept lies in that Nano-G@PVDF
layer can functionalize as a positive layer enabling photothermal
expanding, since the carbon doped PVDF film features both high light
absorption capability and large CTE (~230 ppm K1) [52]. Meanwhile,
it can also work as negative layer under the actuation of moisture due to
the poor water adsorption capability. Therefore, it is necessary to make
effective trade-offs about the thickness of Nano-G@PVDF layer. Thicker
Nano-G@PVDF layer would generate relative larger driving force under
photothermal actuation, and also much larger resistance under moisture
actuation. As compared with the Nano-G@PVDF layer, GO layer is
totally complementary. With abundant of oxygen containing groups, GO
is very sensitive to humidity, it swells obviously in moisture due to the
adsorption of water molecules, whereas, considering its relative small
CTE (0.85 ppm K1), GO is inert to temperature change. In this way, a
“Yin”-“Yang” complementarity bilayer actuator that is responsive to
both light and moisture can be developed. As shown in Fig. 1b, under
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Fig. 3. Moisture and light dual-response properties. (a) Dependence of bending angles of the Nano-G@PVDF/GO bilayer film on RH. The insets are photographs of
bending Nano-G@PVDF/GO ribbons under different humidity. (b) The response and recovery curves of Nano-G@PVDF/GO bilayer film between RH = 23% and RH
= 97%. (c) Bending angles curves for Nano-G@PVDF/GO bilayer film under light irradiation. The insets are photographs of Nano-G@PVDF/GO ribbons under
different light power density. (d) The response and recovery curves of Nano-G@PVDF/GO bilayer film between 0 and 206 mW/cm?.

light irradiation, the Nano-G@PVDF layer is positive, it tends to expand,
whereas GO is negative. The negative effect can be further promoted
since the photothermal effect induces water desorption in GO films,
leading to the shrinking of the layer. Under moisture actuation, the
situation is conversed. GO is positive and Nano-G@PVDF is negative.
Since both light irradiation and moisture actuations can lead to an
obvious strain mismatch at the bilayer interface, the bilayer actuator is
dual-responsive to light and moisture. This “Yin”-“Yang” complemen-
tarity is not only suitable for the graphene-based moisture and light
dual-responsive actuators. It is a universal strategy and can be applied to
different systems.

3.2. Photothermal property

To better understand the photothermal conversion ability of the
Nano-G@PVDF layer, we tested its surface temperatures under light
irradiation at different light power density and compared with that of
GO film (Fig. 2b and c). Notably, Nano-G@PVDF film shows much better
photothermal effect than GO film. As the light power density increased
from 0 to 206 mW/cmz, the surface temperature of Nano-G@PVDF
gradually increased from room temperature (22.2 °C) to 64.6 °C. On
the contrary, when strong light (power density of 206 mW/cm?) irra-
diates GO, the surface temperature is only ~39 °C. The slope of the
curve, denoted as the photothermal sensitivity, is calculated to be
~0.08 °C per mW/cm? for GO; whereas the sensitivity of Nano-G@PVDF
is ~0.21 °C per mW/cm?, 2.6 times of GO. To make a direct comparison
of the photothermal effect between these two layers, thermography
images have been taken under strong light irradiation (206 mW/cm?).
As shown in Fig. 2d, the Nano-G@PVDF film exhibits much higher
temperature distribution than the GO film, indicating the remarkable

photothermal conversion ability of the Nano-G@PVDF film. In addition
to the difference in photothermal effect, we should also notice that GO
and PVDF have distinct CTE (GO, 0.85 ppm K1, PVDF, ~230 ppm K2,
Nano-G, —1 and 29 ppm K! along different direction) [52-56], and the
CTE of PVDF is much larger than that of GO. In this case, the photo-
thermal expanding of the Nano-G@PVDF layer would be more obvious
than that of GO upon light actuation.

3.3. Light and moisture responsive property

For moisture responsive property, Nano-G@PVDF layer is undoubt-
edly a negative layer since both graphite and PVDF shows relative weak
interaction with water molecules. However, for GO, the situation is
different. FTIR spectrum of GO (Fig. S3) confirmed that there exists
plenty of OCGs on the GO streets. The XPS results are consistent with
FTIR, carbon-to-oxygen atom ratio (C/O) is as low as 2.17, indicating the
high oxygen content (Fig. S4). The XRD pattern of GO shows that the d-
spacing between GO nanosheets is 7.6 A (Fig. S5), this value further
depends on the amount of water adsorbed by GO. Due to the presence of
abundant OCGs on GO nanosheets, water molecules would interact with
GO by forming hydrogen bonds. In this case, water molecules could be
selectively adsorbed by GO, leading to obvious expansion of GO layer
under moisture actuation.

We further test the moisture responsive property of the bilayer ac-
tuators. As a positive layer for moisture actuation, the Nano-G@PVDEF/
GO bilayer bends towards the Nano-G@PVDF side when exposed to
moisture. Moisture responsiveness under different RH is shown in
Fig. 3a. The bending angle of the bilayer actuator (2 cm*0.1 cm) in-
creases from 50° to 208° when the ambient moisture increased from RH
= 23% to RH = 97%. The initial bending angle (50°) of the bilayer
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Fig. 4. Dual-responsive bi-directional walking robot. (a) Schematic illustration of moisture/light dual-responsive bi-directional walking robot. (b) The bi-directional
walking robot moves along the x direction in response to the humidity and moves along the y direction in response to light irradiation. (¢) The x-axis displacement
and y-axis displacement of the bi-directional walking robot at different time. (d) The path of bi-directional walking robot under humidity and light actuation.

ribbon is due to the 23% RH at the ambient condition. Herein, the
bending curvature, can be described as follows (see Fig. S6) [22,57-59]:

kec(B, — B, )ARH

where k is the bending curvature of the actuator, f; and Py are the
respective coefficient of hygroscopic expansion (CHE) for Nano-
G@PVDF and GO, respectively. ARH is the relative humidity change.
Besides, the moisture induced deformation is reversible. When the rib-
bon was exposed to dry air, it recovered to its original shape after
desorption of water. In this way, a reversible bending/unbending
deformation can be achieved by moisture actuation. The response time
is measured to be ~13 s and the recovery time is ~16 s, when the
ambient humidity was switched between RH = 23% and RH = 97%
(Fig. 3b).

Owing to the different photothermal activity, the Nano-G@PVDF
layer with broad-spectrum absorption capability and relatively larger

CTE is positive. It can convert the photon energy into heat effectively
under light irradiation, which caused the expansion of the Nano-
G@PVDF layer. On the contrary, the GO layer is negative. Notably,
GO has very small CTE. With the increase of local temperature, GO layer
even shrinks due to the thermal effect induced desorption of water. In
this regard, both the photothermal expansion of the Nano-G@PVDF
layer and the photothermal desorption of GO would induce the strain
mismatch between the two layers (see Fig. S7) [22,57-59]. The bending
curvature, can be described as follows:

ko (al 7&2)AT +,BZAC2

where k is the bending curvature of the actuator, a; and ay are the
respective CTE for layers Nano-G@PVDF and GO, AT is the photoin-
duced temperature change, B is the respective CHE of layer GO mate-
rials, and ACy is the change of moisture concentration in layers GO due
to the photothermal effect, respectively.
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Fig. 5. Dual-responsive smart claw array. Light and moisture manipulation of the smart claw array. Under moisture actuation, Nano-G@PVDF/GO bilayer ribbons
bend to the Nano-G@PVDF side, lifting the polymer foams No.1, 3 and 5. Under light irradiation, the claw array releases these polymer foams and lifts the polymer

foams No. 2 and 4.

Under light irradiation, the bilayer ribbon bends to the GO side from
50° to —109° with the increase of light intensity (Fig. 3c). The light
actuation is also reversible. Without light irradiation, the Nano-
G@PVDF/GO bilayer film can recover to initial bending angle gradu-
ally. As compared with moisture actuation, the response under light
irradiation is much faster. We recorded the deformation process of the
Nano-G@PVDF/GO bilayer film by switching the light intensity between
0 and 206 mW/cm?. As shown in Fig. 3d, the response time is ~4 s and
the recovery time is ~6 s. To further investigate the photothermal effect
induced bending process, we also tested the relationship between tem-
perature and bending angles (Fig. S8). In addition, the Nano-G@PVDF/
GO bilayer actuator shows good stability and durability under moisture
and light actuation. The bilayer is stable under both moisture and light
actuation. The actuator shows good durability in 100 times of actuation
(Fig. S9.) Moreover, the two layers show tight interfacial contact before
and after frequent actuation for 100 times, indicating the good inter-
layer adhesion (Fig. S10).

3.4. Bi-directional walking robot

Taking advantage of the moisture and light dual-responsive prop-
erty, we designed and fabricated two typical actuators using the Nano-
G@PVDF and GO bilayer film (Video S1). As a proof of concept, we
first demonstrated the light and moisture dual-responsive walking robot
that enables bi-directional walking under light and moisture stimula-
tion. Fig. 4a shows the schematic illustration of the device structure and
its working principle. Briefly, it consists of eight Nano-G@PVDF/GO
bilayer strips working as legs and a square-shaped paper acting as
main body. To keep a balance during walking, a pair of legs has been
integrated with each side of the square body. Among the four pairs of
legs, two pairs oppositing to each other use GO as front side and the
other two pairs use Nano-G@PVDF as front side. In this way, the robot
can walk along different direction under light and moisture actuation.
The detailed scheme for the moisture supplying system for this walking
robot is shown in Fig. S11. When the robot was exposed to moisture (RH
~ 100%), the Nano-G@PVDF/GO bilayer legs bend toward the Nano-
G@PVDF side. In this case, the legs with GO as front side bend down-
wards, whereas the legs with Nano-G@PVDF as front side bend up-
wards. By switching the environmental humidity, the legs bend
downside and recover alternately, leading the moving toward the x axis
direction (Fig. 4b). When we keep the environmental humidity constant,
light irradiation can trigger the downwards bending of legs with Nano-
G@PVDF as front side and the upwards bending of the other two pairs of
legs. The walking robot were exposed to the filament light (~100 W)
with a distance of 20 cm. Upon alternative light stimulation, the robot
moves along the y axis direction (Fig. 4b). Actually, the humidity or light
can only cause simple bending and unbending deformation of the

bilayer ribbons (legs). To realize directional walking, we drive the
“walking robot” through the humidity and the light gradient. As shown
in Fig. S12, in humidity actuation, the moisture is supplied from the left
side of the “walking robot”. In this way, a localized humidity gradient
formed around the “walking robot™. Its left legs bent to larger degree and
earlier than the right legs, so the robot moved towards the right side.
Under light actuation, the light irradiated from the bottom side, thus the
legs near the light source bent to larger degree than the other two legs. In
this way, it moved upside.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2019.104302.

We further analyzed the process of both moisture and light actuation
of the robot and recorded the displacement along x and y axes, respec-
tively. As shown in Fig. 4c, under moisture actuation, the robot moved
~0.6 cm along the x axis in 15s, whereas under light actuation, it moved
0.5 cm in 5s. The average moving speeds are calculated to be 0.4 mm/s
and 1 mm/s for moisture and light actuation, respectively. The differ-
ence in moving speed under moisture and light actuation can be
attributed to the on/off frequency of the stimuli and the response/re-
covery time of the bilayer under different stimuli. Fig. 4d shows the
moving track of the robot under humidity/light actuation.

3.5. Dual-responsive smart claw array

Since the Nano-G@PVDF/GO bilayer strips can bend toward
different direction under moisture and light actuation, we designed and
fabricated a smart claw array (Video S2). In this device, we integrated 6
Nano-G@PVDF/GO bilayer strips together, connecting to three plastic
tubes that can supply moisture. The strips on the left of the plastic tubes
used GO as left side and Nano-G@PVDF as right side, whereas the other
strips used the opposite side of the bilayer. Fig. 5 shows the manipula-
tion of this smart claw array for selectively picking up polymer foam
blocks using moisture and light actuation, respectively. Interestingly,
when the claw is exposed to moisture, all of the stripes bend toward the
Nano-G@PVDF sides. In this way, the claw array picks up the No.1, 3
and 5 polymer foam blocks. Under light stimulation (filament light,
~100 W; distance, 20 cm), the strips bend to the GO side, and the claw
array lift the No. 2, 4 polymer foam blocks, realizing the selectively
picking up function.

Supplementary video related to this article can be found at https
://doi.org/10.1016/j.nanoen.2019.104302.

4. Conclusions

In conclusion, the concept of Yin-Yang complementarity has been
adopted for design and fabrication of dual-responsive bimorph actua-
tors. The essence of the Yin-Yang complementarity strategy lies in the
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development of bilayer structures, in which one layer is positive to a
certain stimulus but negative to another; whereas the other layer shows
complementary response to the two stimuli. According to this principle,
dual-responsive actuators, such as bilayer structures of Nano-G@PVDF/
GO, have been successfully prepared to verify this concept and the dual-
responsive property (Table S1). As a proof-of-concept, Nano-G@PVDE/
GO bilayer has been employed for fabricating light and moisture dual-
responsive actuators, in which bi-directional walking robot and smart
claw array demonstrated controllable and predictable deformation
under the synergetic actuation. Unlike those GO- or PVDF-based bilayer
actuators that consist of an active layer and an inert layer. We make full
use of the two layers. They are completely complementary under
moisture/light actuation. In addition, the complementary design prin-
ciple is universal for actuators design. We deem that it can be applicable
for many types of soft, wet and smart systems in the future [60,61]. As a
universal design principle, the Yin-Yang complementarity strategy
provides a general method for developing multi-responsive bimorph
actuators in the simplest way.
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